Adoptive immunotherapy with ex vivo expanded T cells is a promising approach to prevent or treat leukemia. Myeloid leukemias express tumor-associated antigens (TAA) that induce antigen-specific cytotoxic T lymphocyte (CTL) responses in healthy individuals. We explored the feasibility of generating TAA-specific CTLs from stem cell donors of patients with myeloid leukemia to enhance the graft-versus-leukemia effect after stem cell transplantation. CTL lines were manufactured from peripheral blood of 10 healthy donors by stimulation with 15mer peptide libraries of five TAA (proteinase 3 (Pr3), preferentially expressed antigen in melanoma, Wilms tumor gene 1 (WT1), human neutrophil elastase (NE) and melanoma-associated antigen A3) known to be expressed in myeloid leukemias. All CTL lines responded to the mix of five TAA and were multi-specific as assessed by interferon-g enzymelinked immunospot. Although donors showed individual patterns of antigen recognition, all responded comparably to the TAAmix. Immunogenic peptides of WT1, Pr3 or NE could be identified by epitope mapping in all donor CTL lines. In vitro experiments showed recognition of partially human leukocyte antigen (HLA)-matched myeloid leukemia blasts. These findings support the development of a single clinical grade multi-tumor antigen-specific T-cell product from the stem cell source, capable of broad reactivity against myeloid malignancies for use in donor-recipient pairs without limitation to a certain HLA-type. Keywords: immunotherapy; cytotoxic T cells; tumor-associated antigens; myeloid leukemia; stem cell transplantation; graft-versus-leukemia effect
INTRODUCTION
The cure of myeloid leukemia after allogeneic stem cell transplantation (SCT) is mediated by donor-derived natural killer cells and by T cells, which recognize antigens on leukemia cells. These antigens fall into two categories: minor histocompatibility antigens expressed by leukemia progenitors and tumor-associated antigens (TAA) representing diverse proteins overexpressed by the leukemia. 1 The graft-versus-leukemia (GVL) effect has been shown in autologous 2 and allogeneic transplant settings. Induction of high rates of sustained remissions are observed in 'good risk' patients transplanted in remission early in the course of disease, but relapse rates of up to 60% can be anticipated in patients transplanted in relapse or those in second or subsequent remission. 3 Hence, there is a need to enhance the GVL effect by additional immunotherapeutic approaches especially in those high-risk patients. In the first months following SCT, in a milieu of cytokine-driven T-cell proliferation, donor-derived T cells, which recognize tumor antigens can expand and have an important role for the GVL effect. 4 The early post-transplant period thus presents a favorable opportunity for in vivo expansion of adoptively transferred TAA-specific T cells. 5 We therefore explored the possibility of generating TAA-specific cytotoxic T lymphocytes (CTLs) from the donor for infusion into the recipient after SCT to enhance the GVL effect.
A number of TAA are known to be widely expressed by myeloid leukemias. For inducing TAA-specific T-cell expansion, we selected five TAA: Wilms tumor gene 1 (WT1), proteinase 3 (Pr3), human neutrophil elastase (NE), melanoma-associated antigen A3 (MAGE-A3) and preferentially expressed antigen in melanoma (PRAME), based on their known antigenicity and in some instances, association with induction of immune responses corresponding with clinical efficacy. The WT1 protein has been the TAA most extensively characterized. A series of MHC class I and II epitopes have been described to be immunogenic, 6, 7 and peptide vaccines have been successfully used to generate WT1-specific T cells in healthy individuals. 8, 9 Such T-cell responses were associated with disease control or remission in several vaccine studies, and WT1-specific T cells increase after SCT in patients with hematological malignancies and are associated with sustained disease remission. 10 Pr3 is overexpressed in AML, and T cells recognizing the human leukocyte antigen-A2 (HLA-A2)-restricted peptide PR1 have been found after SCT and in patients with a variety of myeloid malignancies. 11 Furthermore, a PR1 vaccine has been shown to induce remission in some patients relapsing after SCT. 12 We found that the PR1 epitope sequence is also present in the closely related protein NE, which is overexpressed in AML. NE-specific CD4 þ and CD8 þ T-cell responses can be induced in healthy donors and are detectable after SCT, suggesting that NE contains a variety of potential immunogenic peptides. 13, 14 Similarly, T cells recognizing PRAME occur in post SCT patients and can be detected in healthy subjects. 15 MAGE antigens are expressed by a wide variety of malignant cells and are also overexpressed in myeloid malignancies. 16 Although the identification of specific HLA-restricted peptide epitopes is clearly important in defining immunogenic regions in the parent protein, current knowledge extends to only a handful of well-characterized peptide sequences, most of which are restricted to HLA-A2. 7, 17 A strategy targeting a small number of single TAA peptides could not have universal application. Furthermore, although a number of immunodominant peptides that induce CD8 þ CTL responses have been described for TAA, 7, 18 the use of single peptides to generate CTLs would limit the approach to recipients of a relevant HLA-type and would lose the potential help and additional cytotoxicity from CD4 þ T cells, which have been shown to be important for GVL reactivity. 19, 20 To overcome these constraints, we developed an approach to generate multi-TAA-specific CD4 þ and CD8 þ CTLs using peptide libraries of 15mer peptides overlapping by 11 amino acids spanning the whole amino acid sequence of a target antigen. Here, we show that it is possible to generate a clinical grade donor-derived CTL product to prevent or treat relapse of myeloid leukemia after allogeneic SCT.
MATERIALS AND METHODS

Samples and cell lines
Healthy donor peripheral blood was obtained from the Department of Transfusion Medicine, NIH, Bethesda, MD, USA. Cord blood units were obtained from the MD Anderson cord blood bank. Peripheral blood mononuclear cells (PBMC) were isolated by density gradient centrifugation and cryopreserved. PBMC were stimulated with the mitogen phytohemagglutinine-P (PHA-P, 5 mg/ml) (Sigma, St Louis, MO, USA) in the presence of interleukin 2 (IL2) to promote blast formation (PHA-blast).
Generation of dendritic cells
Monocyte-derived dendritic cells (DC) were generated from CD14 þ cells selected according to the instructions of the manufacturer (Miltenyi, Bergisch Gladbach, Germany), cultured in Cellgro DC media (Cellgenix, Freiburg, Germany) in the presence of IL4 (1000 U/ml) and granulocytemacrophage colony-stimulating factor (800 U/ml) (R&D, Minneapolis, MN, USA). On day 5, immature DC were matured with a cytokine cocktail consisting of IL4, granulocyte-macrophage colony-stimulating factor, IL6 (10 ng/ml), tumor necrosis factor (TNF)a (10 ng/ml), IL1b (10 ng/ml)(R&D) and prostaglandin E2 (1 mg/ml)(Sigma), and harvested after 48 h.
Generation of T-cell lines
Antigen-specific T-cell lines were generated by stimulation of PBMC with peptide-pulsed DC at an effector-to-target ratio of 10:1 in RPMI medium 1640 supplemented with 45% Clicks media (Irvine Scientific, Santa Ana, CA, USA), 5% human AB-serum and 2 mM Glutamax. For initial stimulation, a cytokine-mix containing IL7 (10 ng/ml), IL12 (10 ng/ml), IL15 (5 ng/ml) and IL6 (100 ng/ml) was added, for the second stimulation IL7 and IL2 (50 U/ml) (all Peprotech, Rocky Hill, NJ, USA) for the further maintenance of CTLs. 21 Restimulation of CTLs was carried out weekly with peptide-pulsed DC at an effector-to-target ratio of 20:1.
Peptides
Peptide libraries for WT1, NE and Pr3 of 15mer peptides overlapping by 11 amino acids spanning the whole protein were obtained from Biosynthesis (Lewisville, TX, USA) and Princeton Biomolecules (Langhorne, CA, USA). Peptide pools were designed to represent each peptide in two pools, as previously described for cytomegalovirus pp65. 22 A total pool containing all peptides was reconstituted accordingly. Pepmixes for MAGE-A3, PRAME, cytomegalovirus pp65 and IE-1 were purchased from JPT (Berlin, Germany).
IFNg enzyme-linked immunospot assay
Peptide recognition was tested in an interferon-g (IFNg) enzyme-linked immunospot (ELISpot) assay as previously published. 7 Briefly, 10 5 CTLs were plated, stimulated with peptide and incubated for 16 h at 37 1C.
Plates were developed and spots counted with a Zeiss Elispot-Reader.
Intracellular cytokine detection and CD107a assay
CTLs were stimulated for 6 h with pepmix or single peptide under costimulation with anti-CD28 and CD49d antibodies (1 mg/ml, BD Biosciences, San Jose, CA, USA) in presence of Brefeldin A (Golgiplug, BD Biosciences) and Monensin (GolgiStop, BD Biosciences). For simultaneous assessment of cytokine release and CD107a-expression, anti-CD107a antibody (BD Biosciences) was added during the incubation. Cells were stained with extracellular antibodies against CD3, CD4 and CD8 (BD Biosciences) and Vivid viability dye (Invitrogen, Grand Island, NY, USA) to exclude dead cells. Intracellular staining of IFNg, TNFa, IL2, IL4, IL10, MIP1b, CD154 (BD Biosciences) of permeabilized cells (Cytofix/Cytoperm, BD Biosciences) was analyzed on a BD Fortessa Flow Cytometer using an automated plate reader. Controls labeled with appropriate isotype-matched antibodies were included in each experiment. Data were analyzed using FlowJo Flow Cytometry software (Treestar, Ashland, OR, USA).
Cytotoxicity assay
Target cells were fluorescence labeled with carboxyfluorescein succinimidyl ester (CFSE, Invitrogen), peptide-pulsed and incubated with CTLs at different effector-to-target ratios for 6-8 h. Ethidium homodimer (Invitrogen) was added after incubation to stain dead cells. Samples were acquired on a BD Fortessa Flow Cytometer. The number of live target cells was determined by gating on carboxyfluorescein succinimidyl esterpositive, ethidium homodimer-negative cells, and used to calculate cytotolytic activity as follows: Lysis (%) ¼ 100-((live target cells sample/ live target cells control) Â 100).
Coculture with primary blasts samples
Recognition of primary blast samples was tested in coculture with partially HLA-matched AML blast samples in presence of IL2 (25 U/ml). Remaining leukemia cells were quantified by costaining with anti-CD33 and CD34 antibodies, and samples were acquired on a BD Biosciences FACS Calibur Flow Cytometer.
Colony forming unit assay
Colony forming unit (CFU) assays were performed to show effective blast elimination of progenitor cells. CTLs were preincubated for 6 h with partially HLA-matched AML blasts in Iscove's Modified Dulbecco's Media medium (Invitrogen) with 10% fetal bovine serum and plated in methocult methylcellulose media (Stem cell Technologies, Vancouver, Canada). Colonies were counted on day 14 and relative inhibition of colony formation calculated in comparison with unspecific control CTLs as follows: Relative inhibition (%) ¼ 100-((CFU specific CTLs/CFU unspecific CTLs) Â 100).
RESULTS
Multi-tumor antigen-specific CTLs can be generated from stem cell donors To evaluate whether CTLs could be expanded from the peripheral blood of potential stem cell donors, healthy donor PBMC were primed with autologous DC pulsed with 5 TAAs in the presence of IL7, IL15, IL12 and IL6. 21 After three rounds of stimulation, CTLs expanded from 10 donors showed a mean expansion of 12.5-fold (range [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] (Figure 1a ). These CTLs were predominantly CD3 To confirm the multi-TAA-specific activity of the CTLs, the cultures were evaluated for IFNg-secretion in response to peptide libraries for each antigen in ELISpot. All 10 donors showed recognition of the TAAmix consisting of five TAA: WT1, Pr3, NE, MAGE-A3 and PRAME. Multi-TAA-specific CTLs, which were ex vivo expanded using DC pulsed with the TAAmix, recognized a mean of 2.6 (range 1-4) antigens, versus a mean of 3.1 (range 1-5) in CTLs stimulated with each antigen individually in separate cultures (Figure 1d ). Antigen recognition in IFNg-ELISpot showed highest spot counts for NE (mean 596 spot-forming units (SFU)/10 5 cells; range 3-1404) followed by MAGE-A3 (mean 278; range 0-735). Against TAAmix a mean of 455 SFU/10 5 cells (range 78-969) was achieved ( Figure 1e ). Consistent with the ELISpot results, highest cytolytic activity was observed against NE (mean 29.1%, range 0-83% at an effector-to-target ratio of 40:1); lysis of TAAmix-pulsed target cells was in a similar range (mean 32.3%, range 0-72%) (Figure 1f ). Further, simultaneous lysis of up to three antigens was observed in a cytotoxicity assay using peptide-pulsed autologous PHA-blasts as target cells. Two representative examples are shown in Figure 2 .
Another critical source of stem cells for allogeneic transplant is umbilical cord blood (CB), therefore we also explored the feasibility of generating multi-antigen-specific CTLs from CB samples (n ¼ 6). CB mononuclear cells were stimulated with peptide-pulsed autologous DC, according to the protocol described for PBMC. After three stimulations, phenotyping of CB-derived TAAmix-specific CTLs revealed a similar phenotype as PBMC-derived CTLs with a mean CD3 þ content of 89.3% (range 79.3-97.2%) and mean 49.4% CD4 þ (range 18.6-73.9%) and mean 43.1% CD8 þ (range 4.1-78.9%) (Figure 1g ), and the majority of the product comprising (Figure 1i ). Unlike PBMC-derived CTLs, there was no predominance of T-cells directed towards any one antigen and responses were generally lower than those observed in PBMC-derived CTLs. However, CB-derived CTLs recognized the tumor antigens in a more even distribution with a mean of 4.3 antigens recognized by each CB-derived CTL line (range 3-5) compared with PBMCderived CTLs (mean 2.6).
Comparison of TAAmix and single antigen recognition in individual donors
To evaluate the efficacy of CTL generation and the breadth of the responses to the TAAmix, CTLs were incubated separately with the TAAmix and individual antigens in IFNg-ELISpot and cytotoxicity assays. Of the 10 lines evaluated, all demonstrated IFNg-secretion in response to TAAmix and 6 of 8 lines tested showed cytolytic activity against TAAmix-pulsed autologous target cells. Up to five antigens were recognized in IFNg-ELISpot and up to three antigens simultaneously in cytotoxicity assays. Stimulation with the TAAmix did not seem to influence or inhibit responses to any of the antigens tested. The CTL lines were shown to be multifunctional, secreting several cytokines, which has been shown to be important for in vivo antitumor activity, comprising both CD4 þ and CD8 þ T-cell responses. As shown in representative donors two (Figures 2a-c) and five (Figures 2d-f) , recognition of TAAmix and individual antigens in IFNg-ELISpot (Figures 2a and d ) correlated with the cytolytic activity of these CTLs against targets pulsed with TAAmix and the same antigens in a carboxyfluorescein succinimidyl ester-based cytotoxicity assay (Figures 2b and e) . Further, intracellular cytokine detection after stimulation with TAAmix or the individual antigens showed production of multiple cytokines in both the CD4 þ and CD8 þ populations, with an increased predominance of Th1 cytokines secreted by the CD8 þ populations, as well as expression of the degranulation marker CD107a. In both donors responses for IFNg and CD107a were B10-fold higher in the CD8
þ populations compared with the CD4 þ populations (Figures 2c and f) .
Antileukemic activity against partially HLA-matched AML blasts To evaluate the antileukemic activity of TAAmix-specific CTLs in vitro, CTLs were cocultured with primary leukemia blast samples matched in at least one HLA-antigen (range1-3), including pairs, which were matched solely at HLA class II alleles. Where available, AML blast samples were evaluated for expression of MAGE-A3 and PRAME. Low expression was detectable by immunohistochemistry (data not shown). Figure 3 shows the results of five CTL lines tested against a panel of five primary AML blast samples. Specific leukemia recognition and elimination occurred even with single HLA class I or II allele matched targets. As control for nonspecific lysis or allogeneic reactivity, CTL lines with irrelevant specificity (viral antigens) generated from the same donor were used in all experiments. All donor-derived TAAmix-specific CTLs showed leukemia-specific killing, as well as CTL activation as determined by CFU assay, IFNg-ELISpot and intracellular cytokine detection.
A representative example of a coculture experiment with AML blast sample no. 2761 is shown in Figure 3a . A 3 day coculture with specific CTLs eliminated leukemia blasts (0.5%), compared with 6% blasts persisting in cocultures with control CTLs. Further demonstration of leukemia elimination by the expanded TAAspecific CTLs, is shown in the Supplementary Figure, which demonstrates reduction in absolute blast counts in the coculture.
The summary of coculture experiments of five healthy donor TAAmix-specific CTL lines with AML no. 2761 and no. 9460 blasts shows a mean of 0.4 and 1.4% residual leukemia cells, compared with 6.5 and 12.5% in the controls (Figure 3b) . Analysis of IFNg and IL4-secretion in the coculture supernatants by ELISA showed secretion of both Th1 and Th2 cytokines with a predominance of IFNg (data not shown). TAAmix-specific CTLs were also incubated with AML blast samples in short-term coculture. IFNg-ELISpot and specific IFNg-release were observed in response to HLA-matched blasts (Figure 3c ). Finally, in CFU assays, inhibition of colony formation occurred when TAAmix-specific CTLs were incubated with leukemia blasts. The relative inhibition of colony growth ranged from 56.8-95.9% in the AML samples evaluable for analysis (Figure 3d ).
Identification of immunogenic peptides for WT1, NE and Pr3
To extend the known repertoire of HLA-A2-restricted WT1 and Pr3 antigens currently used in vaccine trials we sought peptide epitopes restricted by other HLA-molecules. In our cohort of donors, the strongest responses were seen against NE, which has not been extensively characterized, but is generally expressed in myeloid leukemia. We therefore selected NE, WT1 and Pr3 for further epitope mapping. At least one immunogenic peptide was found for each of the CTL lines tested (n ¼ 10), irrespective of the donor HLA-type, and up to five epitopes were found in one individual. We identified one novel and six previously described epitopes for WT1 (Table 1) , six epitopes for PR3 including two previously described (Table 2 ) and seven new epitopes for NE (Table 3 ). Within the previously described epitopes, recognition was restricted by different HLA-alleles in all but two cases for Pr3. Several CTL lines recognized a WT1 epitope lying within WT1 peptide no. 60 (TWNQMNLGATLKGVA). As shown for a representative donor, epitope mapping resulted in recognition of pools F and U that share WT1 peptide no. 60 (Figures 4a and b) . However, the cytolytic response to targets pulsed with WT1 peptide no. 60 was relatively low (Figure 4c) , consistent with the predominantly CD4 þ -restricted antigen recognition determined by antibody blocking experiments in IFNg-ELISpot (Figure 4d ). As shown in Table 1 , the CTL lines recognizing WT1 no. 60 shared HLADRb1*04. Further, blocking with anti-HLA-DR antibody led to a reduction of cytokine secretion close to background levels ( Figure  4d ). The HLA-DR-restriction could further be confirmed by incubating CTLs with partially HLA-matched antigen-presenting cells loaded with WT1 no. 60 presenting the peptide in the context of HLA-DRb1*04, but with the expression of different alleles as shown in comparison to autologous antigen-presenting cells ( Figure 4e ). As it is common for MHC class II-restricted antigens, promiscuity for several HLA-DRb1*04 alleles was observed with WT1 no. 60 recognition in the context of HLA-DRb1*0403, *0404, *0406, *0407 and *0411, but not HLA-DRb1*04-negative antigenpresenting cells (Figure 4e ). Further, these T-cell lines recognized primary myeloid leukemia blasts matched at HLA-DRb1*04 but not HLA-mismatched blasts in IFNg-ELISpot (Figure 4f ) and by intracellular cytokine detection (Figure 4g ). Stimulation with WT1 no. 60 peptide as well as HLA-DRb1*04 þ AML and CML blast samples induced cytokine secretion predominantly in the CD4 þ population, but only background levels were observed in response to the peptide control and healthy donor PBMC (Figure 4g ).
An example of a newly identified NE epitope APVAQFVNWID-SIIQ (NE no. 59) is shown in Figure 5 . Figure 5a illustrates that the CTLs showed reactivity against pools C and P in IFNg-ELISpot, and according to the matrix (Figure 5b ) this suggests that the immunogenic epitope lay within NE peptide no. 59. This was further confirmed by testing reactivity against the 15mer peptide NE no. 59 in IFNg-ELISpot and cytotoxicity assay (Figures 5c and d) . HLA-restriction of peptide no. 59 recognition was then evaluated by blocking antigen reactivity on peptide-pulsed autologous PHAB in IFNg-ELISpot with anti-HLA class I and II blocking antibodies. As shown in Figure 5e , IFNg-secretion was reduced to levels close to background when the T cells were preincubated with anti-HLA class I antibody, indicating that NE no. 59 recognition is mediated by CD8 þ T cells, which is consistent with the Th1 cytokine prolife (IFNg, TNFa and IL2-secretion) and activation (CD154) and degranulation marker (CD107a) expression of this CTL line (Figure 5f ).
DISCUSSION
Our results show that it is possible to rapidly and reproducibly expand multi-TAA-specific CTLs ex vivo by peptide stimulation from healthy donors regardless of their HLA-type. These CTL lines comprised a mix of CD4 þ and CD8 þ cells and showed broad reactivity against multiple target antigens accompanied by the multifunctional cytokine profile associated with effective antitumor activity in vivo. Furthermore, we showed recognition and killing of partially HLA-matched primary myeloid leukemia blasts by TAA-specific CTLs.
In patients immunocompromised after SCT, the infusion of ex vivo generated antiviral CTLs can decrease viral load resulting in durable clinical improvement. [23] [24] [25] Unselected donor lymphocytes can also exert antileukemic activity in patients relapsing with leukemia after SCT. 26, 27 Furthermore, antigen-specific CTLs prophylactically administered to patients with CML after SCT can induce molecular remission without the induction of graft-versushost disease. 28 These studies provide a rationale for developing TAA-specific CTLs to prevent or treat leukemic relapse after transplantation.
The strategy we used to generate multi-specific CTLs is practicable using lymphocytes from healthy stem cell donors as well as from cord blood donations. The approach has clinical applicability-from a small starting volume of blood, cell numbers expanded over 10-fold, making it feasible to manufacture lymphocyte donations of 10 7 cells to deliver TAA-specific CTLs in the range of 10 5 CTL/kg-a dose that has been shown to be clinically effective with virus-specific CTLs after SCT. 25, 29 In scaling up this approach to a clinical grade product, a further log expansion is achievable if gas-permeable culture flasks are used. 30 Given that around 10 7 lymphocytes can be obtained from the 20% fraction of a CB unit, it should also be possible to expand sufficient CTLs from this stem cell source. Scale-up under good manufacturing practice conditions should not present novel regulatory complications because the in vitro manipulations use clinical grade or FDA-approved reagents that have largely been validated in the development of both multivirus-and multi-tumor-specific CTLs under similar conditions. 21, [31] [32] [33] The expanded TAA-specific CTLs had an effector memory phenotype and included CD4 þ and CD8 þ T cells, features which are associated with prolonged persistence after infusion of virus-specific CTLs generated in a similar manner. 25, 34 Generation of antigen-specific CTLs from CB units indicates that specific CTLs can also be derived from unprimed naïve T cells, an approach previously described in adult donor-derived naïve T-cells targeting WT1. 35 It is likely that our multi-TAA-specific CTLs were also predominantly derived from naïve T cells, and therefore killing of AML blasts observed with adult-derived CTLs would also occur in CB-derived CTLs, rich in naïve T cells. However, as we already observed with virus-specific CTLs, TAA-specific CB CTLs show different HLA-restricted epitope specificity compared with adult donor CTLs. 31 Further studies will therefore be needed to Multi-specific T cells for myeloid leukemia G Weber et al define the TAA-specific cytotoxicity of CB CTLs using panels of AML blasts of the relevant HLA-type. Additionally, a general concern with this strategy is the potential for tumor immune escape from downregulation or loss of the antigen being targeted. 36 In an effort to overcome tumor immune escape, we generated CTLs recognizing five TAA. Given the absence of outcompetition by a single TAA using this approach it should be possible to further enlarge the TAAmix, should this be necessary to reduce the risk of tumor escape. This approach can be extended to cover a broader spectrum of antigens that are recognized simultaneously within one CTL line and comprising a mix of CD4 þ and CD8 þ T cells. We evaluated the antileukemic efficacy of multi-TAA-specific CTLs by a variety of parameters including cytokine release, CD107a-expression and cytotoxicity to peptide-pulsed target cells and primary leukemias. The CTLs demonstrated multi-cytokine profiles characteristic of effective CTLs with coexpression of IFNg, TNFa and IL2, and strong CD107a-expression indicating degranulation upon antigen encounter. Cytotoxicity was elicited against bulk leukemias as well as by the inhibition of colony formation. It should be noted, however, that we did not directly test CTLs against defined leukemia progenitors. Direct proof of a durable antileukemic effect of these CTLs would require the demonstration of their ability to prevent leukemia engraftment in a humanized mouse leukemia model. 37 The target antigens selected were based on available data, indicating a therapeutic potential of CTLs recognizing these proteins. Currently there is insufficient data to determine the optimum array of TAA for targeting the majority of AML. For this reason we focused on TAA known to be widely expressed in myeloid leukemia. Optimally, TAA should only be expressed by tumor cells and only in organs that cannot be targeted by T cells (for example, the testis), but not in healthy tissue. It will therefore be necessary to identify off-target expression of TAA in other tissues, before incorporating them into a clinical grade CTL product and monitoring for unwanted side-effects and graftversus-host disease. Another source of off-target cytotoxicity is alloreactivity from the CTL lines against minor histocompatibility antigens presented by non-leukemic tissues. However, using virusspecific CTLs from the same donor as a control, we were able to show that only the TAA-specific CTLs responded to the leukemia in an HLA-restricted fashion ( Figure 3 ). This excluded the role of an alloantigen-driven cytotoxic response to the leukemia. In our experiments, the combination of five different antigens in the TAAmix did not lead to the inhibition of any single antigen response. Comparable results have been reported for the generation of multivirus-specific CTLs with a similar protocol. 32 As antigenic competition does not appear to be a limiting factor for CTL generation, other TAA such as Aurora kinase, 38 BMI-1 39 and RHAMM 40 could also be incorporated to broaden the antigen repertoire and increase the spectrum of possible target cells or tumor entities.
A limitation of adoptive T-cell therapy is the possibility that TAA are present in the malignant cells, but not sufficiently overexpressed to be recognized by CTLs. The coadministration of demethylating agents such as 5-azacytidine might be helpful in upregulating weak TAA, and rendering the leukemia target more susceptible to CTL-induced cytotoxicity. 16 Further studies on TAA expression in AML, including TAA expression by leukemia stem cells would be required to refine the repertoire of TAA used in the TAAmix.
Most of the antigens used for CTL generation are expressed in a wide range of hematological malignancies, including myelodysplastic syndrome, advanced CML and acute lymphoblastic leukemia, as well as solid tumors. Currently, a similar strategy using patient-derived TAA-specific CTLs targeting multiple lymphoma antigens 21 is being evaluated clinically (NCT01333046) outside of the context of allogeneic hematopoietic stem cell transplantation, demonstrating that this approach is feasible in the autologous setting. Therefore, by including the additional TAAs being targeted in this study, multi-TAA-specific CTLs could find application in the treatment of various diseases and within one T-cell product that might facilitate the generation of a universal antitumor T-cell therapy.
By testing TAA-specific CTLs against peptide pools, we were able to characterize a number of epitopes, and we could use this strategy to identify critical peptides inducing both CD8 þ and CD4 þ responses. In some cases the responses were class II-mediated in a region where HLA class I-restricted epitopes have been previously described. The possibility of class I and II response-inducing epitopes coexisting within the same region of the target antigen may improve immune responses in vivo when using this sequence for CTL generation or vaccination, inducing a combined CD4 þ and CD8 þ response, associated with enhanced functionality, increased TAA-CTL frequencies and prolonged persistence in vivo. 6 Second generation peptide libraries could therefore be envisaged, where TAA pepmixes are spiked with a number of more relevant peptides tailored for an array of common HLA-antigens. Ultimately, as the number of identified individual epitopes is expanded, a smaller but focused pepmix of antigens could be used to maximize the induction of T-cell responses. Furthermore, the infusion of in vitro generated TAAspecific CTLs lends itself to strategies where infused T cells could be further boosted and expanded by vaccination with whole TAA pepmixes or a selection of predefined epitopes, resulting in longer T-cell persistence in vivo.
Although the majority of individuals tested were HLA-A2 þ , we did not find reactivity against previously described HLA-A2-restricted epitopes, indicating that other epitopes could be more immunogenic and effective in targeting AML. This is in contrast to observations in EBV-associated Hodgkin's lymphoma where HLA-A2 has been shown to be protective and associated with strong responses against epitopes presented by this HLA-allele. 41 In conclusion, these data show that multi-TAA-specific CTLs can be generated from stem cell donors to prevent relapse of myeloid leukemia after SCT. Clinical scale-up of this technique and production of a good manufacturing practice-grade cell product H  G  F  E  D  C  B  8  16  24   40  48   64   56   7  6  5  4  3  2  15  14  13  12  11  10  23  22  21  20  19  18   39  38  37  36  35  34  47  46  45  44  43  42  55  54  53  52  51  50  63  62  61 
